Exposure to smoking cues increases craving for cigarettes and can precipitate relapse. Whereas brain imaging studies have identified a distinct network of brain regions subserving the processing of smoking cues, little is known about the influence of individual difference factors and withdrawal symptoms on brain cue reactivity. Multiple regression analysis was used to evaluate relations between individual difference factors and withdrawal symptoms and event-related blood oxygen level-dependent responses to visual smoking cues in a sample of 30 smokers. Predictors were self-report nicotine dependence (Fagerströ m test of nicotine dependence, FTND), prescan withdrawal symptoms (craving and negative affect), and sex. The unique variance of each predictor was examined after controlling for each of the others. Positive associations were observed between FTND and reactivity to cues in right anterior cingulate and orbitofrontal cortex (OFC) whereas negative associations were observed between prescan craving and reactivity in ventral striatum. Higher negative affect or being male was associated with greater reactivity in left hippocampus and left OFC. Women exhibited greater cue reactivity than men in regions including the cuneus and left superior temporal gyrus. Individual difference factors and withdrawal symptoms were uniquely associated with brain reactivity to smoking cues in regions subserving reward, affect, attention, motivation, and memory. These findings provide further evidence that reactivity to conditioned drug cues is multiply determined and suggest that smoking cessation treatments designed to reduce cue reactivity focus on each of these variables.
INTRODUCTION
Exposure to cues previously associated with drug use results in physiological, behavioral, and subjective reactions, including craving (Carter and Tiffany, 1999) . Among abstinent smokers, smoking-related cues can precipitate lapses (Shiffman et al, 1996) and cue reactivity is predictive of cessation outcomes (Payne et al, 2005; Waters et al, 2003) . Recent neuroimaging studies have demonstrated that exposure to smoking cues results in the activation of brain networks associated with memory, attention, motivation, behavioral activation, and reward (Brody, 2006) . In the present study, we sought to evaluate relations between brain responses to smoking cues and variables with the potential to modulate these responses.
NICOTINE DEPENDENCE
Nicotine dependence is characterized by a number of factors including compulsive use of tobacco, difficulty refraining from use in situations where it is prohibited, and withdrawal following abstinence (eg upon waking in the morning) (APA, 1994; Hughes, 2006) . Nicotine dependence is typically measured via self-report using measures such as the Fagerström test of nicotine dependence (FTND; Heatherton et al, 1991) and a number of studies have reported positive relations between FTND score and cue reactivity (Payne et al, 1996) . However, some studies have not observed correlations between severity of nicotine dependence and cue-provoked craving (Waters et al, 2004) while others have found lighter smokers (with lower nicotine dependence scores) to exhibit greater attentional bias to smoking cues (Hogarth et al, 2003) .
WITHDRAWAL SYMPTOMS AND CRAVING
Abstinence from smoking results in increases in withdrawal signs and symptoms including depressed, anxious, or irritable mood; difficulty concentrating; and disturbed appetite (APA, 1994) . Craving for cigarettes, while not typically included in nosologies, is often considered a symptom of withdrawal (Hughes, 2007) .
Little is known about how abstinence-induced withdrawal symptoms and craving modulate reactivity to drug cues. The effects of smoking abstinence on cue reactivity have been mixed, with studies showing abstinence to amplify (Alsene et al, 2003) , having a trend toward amplifying (Sayette and Hufford, 1994) , or having no effect (Drobes and Tiffany, 1997; Maude-Griffin and Tiffany, 1996) on the amplitude of cue-provoked craving and/or other measures of reactivity. While putatively, abstinence-induced negative affect might be expected to potentiate cue reactivity, this question has not been addressed in the literature.
SEX DIFFERENCES
The few studies that have reported sex differences in cue reactivity have typically observed greater self-report and physiological responses to cues among female subjects. In a study in which participants were exposed to smoking paraphernalia, female participants exhibited greater craving for cigarettes and increased salivation compared to male participants (Field and Duka, 2004) . In another study, no sex differences in cue-provoked craving were observed, but women exhibited greater mean arterial pressureFa measure of physiological arousalFthan men in response to cues (Niaura et al, 1998) . These findings are consistent with research suggesting that conditioned sensory cues may play a greater role in smoking behavior in women than in men ).
INDIVIDUAL DIFFERENCES IN BRAIN RESPONSES TO DRUG CUES
While a number of studies have investigated smoker vs nonsmoker differences in brain cue reactivity (Brody, 2006) , only a handful have examined individual differences in brain reactivity among users. In one study of smokers (Smolka et al, 2006) , increased brain activity in response to smoking cues was observed among more nicotine-dependent smokers in areas supporting attention (eg anterior cingulate and parietal cortex) and in regions associated with motoric functions (eg motor cortex and supplementary motor cortex). With regard to sex differences, cocainedependent men and women have been shown to exhibit different patterns of responses to cocaine cues with women exhibiting greater activation in frontal brain regions, but less activation in amygdala, insula, and ventral anterior cingulate (Kilts et al, 2004) . Sex differences in brain cue reactivity have not been addressed among smokers.
AIMS OF THE CURRENT ANALYSIS
The present analysis was designed to evaluate relations between brain responses to smoking cues and nicotine dependence; self-report craving and negative affect prior to scanning; and sex. The sample consisted of adult smokers drawn from two previous imaging studies (McClernon et al, 2005b (McClernon et al, , 2007 in which the same task, scanner, and scanning parameters were used. In our analyses we examined the effects of each individual difference factor and withdrawal symptom while controlling for all other variables to evaluate the unique relation of each with brain responses. Though correlates of brain responses to sustained presentations of smoking cues have been studied (Brody et al, 2002; Smolka et al, 2006) , the present analysis is unique in that transient brain responses to discrete smoking stimuli served as the dependent variable.
MATERIALS AND METHODS

Participants
Participants were pooled from two separate studies. In study 1 (McClernon et al, 2005b) smokers completed two scanning sessionsFonce following smoking as usual (satiated condition) and once following overnight abstinence (abstinent condition). The goal of the study was to evaluate the effects of acute abstinence on reactivity to smoking cues; smokers in study 1 did not indicate an intention to quit smoking. In study 2 (McClernon et al, 2007) smokers completed three scanning sessions: (1) at baseline, (2) following 2-4 weeks of a treatment designed to devalue the conditioned aspects of smoking, and (3) 4 weeks following quitting smoking. The goal of the study was to evaluate the effects of smoking cessation treatment and abstinence on brain responses to smoking cues. Accordingly, smokers in study 2 were recruited if they desired to quit smoking. For the analyses presented here, data were pooled from the satiated condition from study 1 (n ¼ 13) and the baseline condition from study 2 (n ¼ 18) since variables such as breath carbon monoxide (CO), withdrawal symptoms, and other variables were most similar during these conditions.
To participate, the following criteria were required in both studies: (1) smoking of at least 15 cigarettes per day for at least 2 years, (2) an afternoon breath CO level 415 p.p.m., (3) right-handed, (4) no serious health problems, (5) not taking medications altering CNS functioning, (6) testing negative for illicit drug use, and (7) not having any condition making MRI research unsafe. Female participants of childbearing potential were required to test negative for pregnancy at screening and in the 72 h prior to scanning. Potential participants were scheduled for a screening visit at which they read and signed an institutional review board-approved informed consent form, provided a urine sample that was analyzed for illicit drugs, and provided information regarding health and smoking history.
Procedures
The procedures for scanning sessions were nearly identical across the two studies. At the beginning of each fMRI session, participants completed measures of self-report withdrawal symptoms, provided breath samples, and were escorted to the scanning facility. Total time in the scanner was approximately 1.5 h. During the satiated condition of study 1, participants were required to smoke immediately prior to entering the hospital, whereas in study 2 participants were instructed to not smoke for 2 h prior to scanning.
Event-Related Cue Task
Photographic smoking, control, and target cues were presented during functional imaging using previously established methods (McClernon et al, 2005a (McClernon et al, , 2007 . Smoking cues (n ¼ 60) consisted of full-color pictures of smoking-related objects (eg lit cigarettes) and people smoking cigarettes. Control cues (n ¼ 60) consisted of pictures of everyday objects (eg car keys, stapler) and people engaged in everyday activities (eg talking on phone). Targets (n ¼ 15) were full-color pictures of animals. Participants were instructed to press a button whenever they saw a target. The inclusion of targets ensured that participants maintained attention. Stimuli included pictures from a variety of sources (Gilbert and Rabinovich, 1999; Lang et al, 1995; McClernon et al, 2005b) .
All visual stimuli were projected onto a screen behind the participant's head, which the participant viewed using mirrored goggles. During each of the nine functional runs, 15 images were presented with approximately half being smoking cues, half control cues, and 1-2 targets, for a total of 135 cues per session. Each participant was presented with the same cues at each session, however, the order of presentation varied across sessions. Picture cues were presented for 4 s with a variable 18-22 s stimulus onset asynchrony. Total task time was 52.2 min.
Imaging Parameters A 1.5 T GE NVi Signa scanner with 41 mT/m gradients was used for image acquisition. Each participant's head was held in place using a vacuum-pack system to minimize head motion. Following a localizer series, blood oxygen leveldependent (BOLD) functional images were collected for 28 contiguous slices (4 mm thick) parallel to the horizontal plane connecting the anterior and posterior commissures. 
Questionnaires
A version of the Shiffman-Jarvik Withdrawal Questionnaire (SJWQ; Shiffman and Jarvik, 1976 ) modified by Rose et al (1990) was used. This is a 32-item self-report measure of craving, arousal, negative affect, positive affect, habit withdrawal, and hunger. Participants completed the questionnaire at the beginning of each session. Preliminary analyses of SJWQ data observed significant correlation between negative affect and arousal (r ¼ 0.45, po0.01). Thus, arousal and other scales less central to the clinical manifestation of nicotine withdrawal were not included in the regression analysis. Nicotine dependence was measured using the six-item FTND (Heatherton et al, 1991) .
Data Processing and Analysis
Functional data preprocessing was completed using statistical parametric mapping software (SPM2; Wellcome Department of Imaging Neuroscience, London) to remove noise and artifacts. The first four volumes of each run were discarded to allow for T1 stabilization. All functional images underwent correction for acquisition timing and for head motion using rigid-body rotation and translation (Friston et al, 1994) . Each participant's data were then subsequently warped into a standard stereotaxic space (Montreal Neurological Institute) with an isotropic 3 Â 3 Â 3 mm voxel size and smoothed with an 8 mm Gaussian filter.
Each participant's data were then entered into a first-level voxel-by-voxel analysis using the general linear model (Friston et al, 1994) with each cue type (smoke, control, target) coded as a separate regressor. The presentation of each cue was treated as an event and modeled with a d function convolved with a canonical hemodynamic response function. A smoking cue 4control cue contrast image was created for each participant and input into a random effects multiple regression analysis with four covariates (FTND, SJWQ craving, SJWQ negative affect, and sex). Correlations between each covariate and brain responses to cues were conducted after controlling for all other covariates. 'Study' was included as a nuisance variable across all analyses. Positive and negative correlations were explored for each of the covariates of interest. A gray matter mask was applied to reduce the number of comparisons and resulting activations were considered significant at a pp0.005 (uncorrected) with a minimum cluster extent threshold of 10 contiguous voxels.
RESULTS
Sample Characteristics
Sample characteristics can be found in Table 1 . Preliminary analyses indicated that one participant was a multivariate outlier and was thus excluded from further analyses. Thus, the final sample consisted of 30 smokers. The sample was moderately dependent, smoking approximately 24 cigarettes per day for 18 years and having a mean FTND score of 6.37. Significant differences between the two study groups were observed for age, years smoked, and Shiffman-Jarvik craving and negative affect.
fMRI Results
Tables 2-5 show brain areas where the smoking cue 4control cue contrast was significantly correlated (both positively and negatively) with the four covariates of interest (for results of smoking vs control cue contrasts, see Supplementary Table S6 and Supplementary Figure S3) . Figure 1 illustrates clusters of significant correlations between cue reactivity and each covariate of interest in seven representative brain slices.
Positive correlations between FTND scores and smoking 4control cue contrasts were found in right anterior cingulate gyrus (ACG; BA 32; Figure 2a ), right orbitofrontal cortex (OFC; BA 11), left inferior occipital gyrus (IOG; BA 18/19), left globus pallidus (GP), and right caudate (Cd).
Conversely, a negative relationship was found between nicotine dependence and cue reactivity within left inferior parietal lobe (IPL; BA 40), left superior parietal lobe (BA 7), right parahippocampal gyrus (PHG; BA 28/35), left fusiform gyrus (FG; BA 19/37), and right superior temporal gyrus (STG; BA 22) .
No significant positive correlations were found between self-report craving and BOLD signal. However, significant negative correlations were observed in left ventral striatum (vSTR; Figure 2b ), right medial occipital gyrus (MOG; BA 19), and in right GP.
Negative affect was found to be positively correlated with brain responses to smoking cues in left hippocampus (HC) and left OFC (BA 11). Negative correlations were found in left superior frontal gyrus (SFG; BA 6), left IPL (BA 40), and left inferior frontal gyrus (IFG; BA 47).
Differences between sexes in response to smoking cues were found in multiple regions. Women showed significantly larger cue reactivity compared to men in right putamen (Put), bilateral cuneus (Cun; BA 18/19; Figure 2c ), left STG (BA 38), left middle temporal gyrus (BA 21), and left SFG (BA 6). In contrast, men showed greater cue reactivity in left HC and left MFG (BA 11). Examination of correlations across covariates indicated substantial overlap between negative affect and sex. Specifically, brain regions positively associated with negative affect were also related to the male sex. To evaluate the degree of overlap in variance accounted for by these variables, conjunction analyses were conducted by inclusively masking negative affect with sex (thresholdpo0.005). These analyses confirmed that brain cue reactivity was positively associated with negative affect and with being male in HC (T max ¼ 3.92; po0.001; peak voxel x,y,z ¼ À30, À12, and À18) and OFC (T max ¼ 3.37; p ¼ 0.001; peak voxel x,y,z ¼ À12, 33, and À18).
DISCUSSION
In the present analyses we observed significant relations between transient brain responses to smoking cues and individual difference factors and withdrawal symptoms in a substantial sample of dependent smokers. After controlling for each of the other variables, positive relations were observed for self-report nicotine dependence, negative affect, and sex; negative relations were observed for each of these and also craving. The present findings suggest that a range of factors uniquely influence the neural processes underlying smoking cue reactivity.
Nicotine Dependence
In this analysis, self-reported nicotine dependence as measured by the FTND was positively correlated with frontal and occipital cortical regions and basal ganglia. Of particular note were correlations in vACG and OFCFboth of which are regions previously implicated in drug dependence, cue reactivity, and conditioned reward (Brody et al, 2002; Cox et al, 2005; London et al, 2000; Rose et al, 2007) . These findings suggest that higher levels of nicotine dependence may result in enhanced sensitivity to drug cues in these regions. Thus, they are consistent with previous reports of positive correlations between FTND scores and self-report cue reactivity (Payne et al, 1996) and analyses showing that highly dependent smokers are more sensitive to the conditioned aspects of smoking (Brauer et al, 2001) . They are also consistent with previous reports of positive associations between sustained brain cue reactivity and nicotine dependence severity in cingulate gyrus (Smolka et al, 2006) .
In addition to positive correlations between FTND scores and brain cue reactivity, we also observed negative correlations in regions including the FG, PHG, and parietal and temporal cortical areas. Our findings suggest that individuals lower in nicotine dependence have activation in these regions following exposure to smoking cues, which is consistent with another study showing lighter smokers to bias attention to smoking cues compared to both heavy smokers and nonsmokers (Hogarth et al, 2003) . These brain regions have been associated with a broad range of processes including face processing (FG; Puce et al, 1996) , memory (PHG; Hayes et al, 2007) , attention (parietal cortex; Woldorff et al, 2004) , and language (temporal cortex; Bookheimer, 2002) but not reward, motivational, and/or emotional information processing. Thus, greater activation 
Craving
We observed significant negative associations between selfreport craving measured prior to scanning and brain responses to smoking cues in brain regions including vSTR, right MOG, and GP. The vSTR, which includes the nucleus accumbens, is sensitive to both reward magnitude (Galvan et al, 2005 ) and probability (Pagnoni et al, 2002) and has been shown to be active in response to drug cues (David et al, 2005; Kilts et al, 2001) . At the same time, another event-related study observed decreased cue reactivity in the nucleus accumbens of smokers (Due et al, 2002) . Our findings suggest that brain reactivity to cues in the vSTR may vary significantly as a function of prescan craving state and may thus explain differences observed across previous studies. Moreover, if vSTR activation to a cue is an index of the potential magnitude of the reward value represented by the cue, the negative correlations observed in the present study may indicate that the reward salience of smoking cues is attenuated, or even becomes negative, among smokers who are experiencing more severe prescan craving. If vSTR activation in response to a cue is an index of the mismatch between a cue and a predicted outcome (ie an index of prediction error), the present results suggest greater prediction error among smokers lower in craving. In other words, when craving is low, conditioned drug cues may represent a greater mismatch with the current drug state and thus elicit greater striatal activation. When craving is high, the presence of smoking cues is highly consistent with the current craving state and may not represent a mismatch between craving state and stimulus. Future studies that specifically manipulate craving states and the reward value of smoking cues can help dissociate reward magnitude vs prediction signal in the striatum. Unlike other variables in this analysis, no positive correlations between craving and brain responses were observed. Moreover, other studies have observed significant positive correlations between craving and indices of cue reactivity (Brody et al, 2002; Smolka et al, 2006) . Several factors might account for the lack of positive associations in the current study. One possibility is that after controlling for other variables potentially related to the degree of prescanning craving such as nicotine dependence and negative affect, craving did not account for significant variability. Perhaps even more importantly, the current study evaluated the influence of prescan craving as opposed to cue-provoked craving. Thus, our lack of positive associations may simply indicate that craving measured prior to exposure to cues has a negative relationship with brain cue reactivity whereas relations between self-reports of craving provoked by cues and brain cue reactivity are more robust and positive.
Negative Affect and Sex
In this analysis, men or individuals reporting greater negative affect exhibited greater activation to cues in both HC and OFC. Negative affect is a central component of nicotine withdrawal (Hughes, 2007) and individuals with chronic negative affect such as individuals with major depressive disorder smoke at higher rates (Lasser et al, 2000) . Regardless of the source of negative affectFeither withdrawal induced or mood stateFthe present findings suggest that prescan negative affect may be associated with increased brain activation in response to cues. As noted above, the OFC has been implicated in appetitive behaviors including drug taking (London et al, 2000) . In addition to the OFC, negative affect was associated with activation in the HCFa region central to memory functions. Together, these findings suggest that greater levels of negative affect may be associated with increases in appetitive motivation provoked by smoking cues and memorial processes that support drug use. In addition to self-report negative affect, being male was also associated with greater activation in OFC and HC. This overlap in findings for negative affect and sex is interesting given that each of these factors was controlled for in the analysis of the other. These two variables were only modestly correlated with one another (r ¼ 0.403) with women reporting higher levels of negative affect (mean ¼ 3.18; SD ¼ 0.81) than men (mean ¼ 2.43; SD ¼ 0.47) prior to scanning. Further, if collinearity had been high, these two variables would not account for unique variance in brain activation in these two regions since their effects would cancel one another out. Thus, these findings suggest that reactivity to smoking cues in these regions may be modulated to some degree by both negative affect and sex variables. Additional research and analyses including both of these factors will likely be necessary to clarify these findings.
Female sex was associated with cue reactivity in specific brain regions that did not overlap with other findings. For instance, female sex was associated with activation in Cun, STG, and Put. The Cun, which subserves visuospatial attention, has been shown to be active in response to smoking cues in several previous studies of smoking cue reactivity (Brody et al, 2007; Smolka et al, 2006; Wilson et al, 2005) . The function of the STG in smoking cue reactivity is unclear. This region is associated with speech processing and greater regional cerebral blood flow in response to cocaine cues was previously observed in a female sample (Kilts et al, 2004) . However, in that study, cues were presented via audiotaped scripts. Finally, the PutFwhich makes up part of the dorsal striatumFhas Individual differences in smoking cue-reactivity FJ McClernon et al 2154 been implicated in craving for drugs including alcohol and cocaine (Heinz et al, 2005; Volkow et al, 2006; Wong et al, 2006) .
When considered together with the findings for men, the present study suggests that sex differences in reactivity to cues are likely modulated via distinct neural circuits but may interact in complex ways with other individual difference variables including negative affect. Very few studies have observed sex differences in cue-provoked craving (Field and Duka, 2004) or other forms of cue reactivity (Niaura et al, 1998) . However, given the observation of sex differences in the present study, it could be hypothesized that men and women engage different neural circuits in the processing of cues that lead ultimately to similar levels of subjective craving. The lack of a measure of cue-provoked craving in the present study precluded us from testing this hypothesis. Future imaging studies with larger samples that include measures of cue-provoked craving can help clarify potential neural markers of sex differences in cue reactivity.
LIMITATIONS
The present analysis has a number of strengths, including the substantial sample size for an fMRI study, use of multivariate regression to isolate unique relations, and examination of sex differences. However, it is also limited by a number of factors. First, the present analysis aggregated data from two different studies. There were some significant differences between the two samples (eg age) but there were also likely unmeasured differences (eg motivation to quit). While potentially problematic, as in previous aggregate analyses (Garavan et al, 2006) , the inclusion of study as a nuisance variable should have accounted for variability due to these group differences. Future studies that evaluate how individual differences in motivation to quit, age, and other factors influence brain cue reactivity are warranted. Second, the relatively smaller number of men in the study (n ¼ 8 vs n ¼ 22 women) means that sex effects, even significant ones, should be considered tentative and require replication in larger samples. Third, while there was a degree of variability in the sample in terms of smoking history and level of nicotine dependence, the sample of smokers was moderately nicotine-dependent and thus not representative of all smokers. Finally, to avoid type II error, we extended our analyses to all gray matter areas of the brain. While our chosen a level (po0.005) is consistent with similar analyses of brain cue reactivity (Smolka et al, 2006) and provided adequate protection from type I error, future studies could limit analyses to a priori regions identified in the present study.
CONCLUSIONS
The present analyses sought to identify unique associations between brain responses to smoking cues and potentially important factors including nicotine dependence, withdrawal symptoms, and sex. A number of interesting relations emerged between these factors and activation in limbic and reward regions including ventral ACG, vSTR, and OFC. These findings suggest that biological (eg sex), smoking history-related (eg nicotine dependence), and withdrawal symptoms (eg craving, negative affect) can have unique influences on brain cue reactivity. Likewise, the influence of each of these factors on brain cue reactivity may represent a distinct endophenotype, each of which is under the control of a distinct set of genetic and environmental influences. Future research can evaluate this question more fully and can also evaluate the effects of behavioral and pharmacological interventions on relations between brain cue reactivity and individual difference factors and withdrawal symptoms.
